Abstract In this work, the ground-state properties of Pt, Hg, Pb, and Po isotopes have been systematically investigated in the deformed relativistic mean field (RMF) theory with the new parameter set FSUGold. The calculated results show that FSUGold is as successful as NL3 in reproducing the ground-state binding energies of the nuclei in this region. The calculated twoneutron separation energies, quadrupole deformations, and root-mean-square charge radii are in agreement with the experimental data. The parameter set FSUGold can successfully describe the shell effect of the neutron magic number N = 126 and give smaller neutron skin thicknesses than NL3 for all the nuclei considered.
Introduction
In recent decades, the relativistic mean field (RMF) model has witnessed great success in describing many nuclear phenomena [1∼8] . There are some successful RMF parameter sets, such as NL3 [9, 10] , NL-SH [11] , TMA [12, 13] etc. The parameter set NL3 was presented by LALAZISSIS et al. in 1997 [9] . It has been widely used to describe the properties of nuclear matter and finite nuclei and got remarkable success. With NL3, the calculated neutron skin thickness in 208 Pb is 0.28 fm [10, 14] . However, various models give very different predictions for the neutron skin thickness in 208 Pb, ranging from 0.1 fm to 0.28 fm [15∼19] . This uncertainty may be attributed to the poor knowledge of the density dependence of the symmetry energy. In the RMF model, the isoscalar-isovector was introduced by HOROWITZ et al. in 2001 to simulate the various density dependences of the symmetry energy [14] . The role of the isoscalar-isovector coupling has been extensively explored in finite nuclei and neutron star matter [19∼23] . In 2005, TODD-RUTEL and PIEKAREWICZ proposed a new parameter set FSUGold [24] which includes an isoscalar-isovector coupling term to simulate appropriately the density dependence of the symmetry energy. With this parameter set, the neutron skin thickness in 208 Pb is reduced to 0.21 fm, which is in agreement with the one extracted from the isospin diffusion data from intermediate-energy heavy-ion collisions [15] . The parameter set FSUGold has been successfully used to investigate nuclear matter and some spherical nuclei [25∼27] . It is of significance to use it to calculate the properties of some deformed nuclei. In our previous work, we have systematically investigated the ground-state properties of rare-earth even-even nuclei and nuclei near Z = 50 in the deformed RMF model with FSUGold, and its validity and reliability have been tested for spherical and deformed nuclei [28, 29] . In this work, we will extend our investigation to another region Z = 82. It is a very important region for the purpose of investigating nuclear structure. It is well known that Z = 82 is a typical proton magic number. There are plenty of experimental data available and many theoretical models have been employed to investigate the nuclei in this region. We intend to validate the deformed RMF calculations with FSUGold on the structure and properties of both the spherical and deformed nuclei in this region. It is interesting to examine the effect of the isoscalar-isovector coupling on the structural properties of nuclei.
The paper is organized as follows. In section 2, a brief review of the RMF theory is provided. Numerical results and discussions are presented in section 3, and summary is given in the last section.
Theoretical framework
In the RMF model, the nuclear interaction is described via the exchange of three mesons: the isoscalar meson φ, which provides the medium-range attraction between the nucleons, the isoscalar-vector meson V µ , which offers the short-range repulsion, and the isovector-vector meson b µ , which gives the isospin de-pendence of the nuclear force. A µ is the photon field, which is responsible for the electromagnetic interaction. The effective Lagrangian density is given as follows [20, 24] 
The various field tensors are given as
The self-interacting terms of φ, V µ mesons and the isoscalar-isovector coupling one are expressed in the following form
Here, the new additional isoscalar-isovector coupling term (Λ v ) is used to modify the density dependence of the symmetry energy and the neutron skin thicknesses of heavy nuclei [24] . Because of the time reversal symmetry in even-even nuclei, the spatial components of the vector meson fields can be disregarded. In the RMF approximation only the 0th-component of the ρ meson is retained according to the charge conservation. By using the classical variation principle, the Dirac equation for nucleon spinors reads (4) where the scalar and vector potentials are respectively taken as
(5) The Klein-Gordon equations for the mesons and photon are
Where ρ s , ρ v , ρ p are respectively the densities of scalar, baryon and proton, and ρ 3 is the difference between the neutron and proton densities. These source densities are written as
Eqs. (4) and (6) can be self-consistently solved by iteration.
We list the parameters of the parameter set FSUGold [24] in Table 1 , and the parameter set NL3 is also shown there for comparison.
Numerical results and discussions
In this work, we apply the deformed RMF model with FSUGold to study the nuclei near Z = 82. The calculations are focused on even-even isotopes of Pt (Z = 78), Hg (Z = 80), Pb (Z = 82), and Po (Z = 84) with known experimental binding energies in the nuclear mass table [30] .
The method of oscillator bases expansions is applied to solve the coupled RMF equations. The numbers of bases are chosen as N f = N b = 14. The pairing correlations are simply treated by BCS approximation. The inputs of pairing gaps are
The cut-off energy for the pairing window is set as [31] . An axial deformation is initially assumed in calculations. The whole calculations are performed with the inputs of initial guess de- The number of the nuclei under investigation is 70 in this region. Since there are many calculated data, only the results of Hg isotopes are given as an example. The RMF results on binding energies, quadrupole deformations, and charge radii for Hg isotopes are listed in Table 2 . The available experimental data are also given for comparison [30, 33, 34] . In Table 2 , the symbols B, β 2 , and R c denote binding energies, quadrupole deformations, and charge radii, respectively. The first column marks the isotopes. Columns 2∼4 correspond to the calculated values for the nuclei tabulated in the first column. The last three columns are respectively the experimental data for the binding energies, quadrupole deformations and charge radii which are taken from the nuclear mass table [30] and Refs. [33, 34] . From Table 2 , it can be seen that the calculated quantities are in good agreement with the experimental data. For better comparing the theoretical results and experimental ones, we will make some detailed discussions on the calculated results with the help of some figures.
Binding energy is a very important quantity for nuclear physics. Whether a theoretical model can quantitatively reproduce the experimental binding energy is a crucial criterion to judge its validity. Seventy even-even nuclei are calculated ranging from Z = 78 to Z = 84. The deviation between the calculated binding energy and the experimental one is defined as ∆B = B Cal − B Expt . The deviations for Pt, Hg, Pb, and Po isotopic chains are plotted in Fig. 1 as a function of the neutron number N . In Ref. [10] , the nuclei considered in this work are calculated with NL3. Their results are also given for comparison. In Fig. 1 , the filled and open circles denote the calculated results with FSUGold and NL3, respectively. Two-neutron separation energy S 2n is also a very important quantity for testing the stability of a model. It is defined as
The experimental two-neutron separation energies [30] and the calculated results with FSUGold are shown in Fig. 2 .
For an isotopic chain, the two-neutron separation energies should be getting smaller and smaller as the neutron number N increases. Except for several nuclei, one can see this phenomenon for all the four isotopic chains in Fig. 2 . For Pt and Hg isotopic chains, the experimental curve is nearly a line, but there are some fluctuations in the theoretical curve in neutron-deficient region. For Pb and Po isotopic chains, the calculated two-neutron separation energies are in good agreement with the experimental values. It can be clearly seen that there is sudden decline at N = 126 both in the experimental and theoretical curves for Pb and Po isotopic chains, which indicates that N = 126 is a shell closure. It is well known that N = 126 is a typical neutron magic number. The above result shows that the parameter set FSUGold can successfully reflect the shell effect of the neutron magic number N = 126. On the whole, the RMF theory with FSUGold can indeed be used to calculate the two-neutron separation energies of the nuclei here.
Quadrupole deformation β 2 is also very important for describing structure and shape. The calculated and experimental [33] β 2 values are shown in Fig. 3 , where the calculated β 2 obtained with FSUGold and the experimental values are plotted as a function of the neutron number N . Except for a few Pt and Hg isotopes, the calculated values with FSUGold are in good agreement with the experimental data. The proton number of Pb isotopes is Z = 82, which is a typical proton magic number. The RMF theory predicts that all the isotopes from N = 122 to N = 132 are spherical, while the experimental β 2 values show that the Pb isotopes from N = 122 to N = 128 exhibit weak deformation. It must be pointed out that the experimental β 2 values are usually extracted from experimental B(E2) ↑ values by using the Bohr model, which is valid only for well-deformed nuclei. For this reason, even the doubly closed shell nuclei and obviously spherical nuclei, such as 16 O or 208 Pb, would exhibit "small deformations". It is also seen from Fig. 3 that the shapes and changing trends of the theoretical curves are very similar to those of experimental results. In general, the parameter set FSUGold is really capable of describing the quadrupole deformations in this region.
Next, we discuss rms charge radii. There are 43 experimental data in this region [34] . The deviation between the calculated and experimental charge radii is defined as ∆R c = R . The deviations are shown in Fig. 4 . It is seen from Fig. 4 that the calcu- Fig.3 The calculated quadrupole deformations β2 for Pt, Hg, Pb, and Po isotopic chains obtained with FSUGold. The experimental β2 are also included for comparison Fig.4 The deviations between the calculated and experimental charge radii for the nuclei studied in this work. Here, the deviation is defined as ∆Rc = R Cal c − R Expt c lated charge radii are in agreement with the experimental data for most nuclei. Most ∆R c are less than 0.06 fm. On the whole, the agreement between the calculated results and the experimental data is satisfactory.
As the uncertainty of the neutron skins (∆R = R n − R p ) for heavy nuclei is unsettled [14∼16] , for instance, for 208 Pb, it is significant to investigate the neutron skin thickness with FSUGold that differs from NL3 for the density dependence of the symmetry energy. The neutron skin thicknesses for Pt, Hg, Pb, and Po isotopic chains with FSUGold and NL3 are plotted in Fig. 5 . It is seen from Fig. 5 that the neutron skins increase monotonously with increasing neutron number for all the isotopic chains with both FSUGold and NL3. The neutron skin thicknesses obtained with NL3 are obviously larger than the ones with FSUGold for all nuclei. With increasing neutron number, the difference between them is getting larger and larger. A typical feature of the parameter set FSUGold is that it can soften the symmetry energy at high densities and offer a smaller neutron skin through adding an additional isoscalar-isovector coupling term. Our results of neutron skin thicknesses are in accordance with the expectations of the parameter set FSUGold. It must be stressed that the neutron skin thicknesses in 208 Pb obtained with FSUGold is 0.209 fm, and is thus closer to the experimental value than the one obtained with NL3, which is 0.277 fm [10] . 
Conclusions
In this work, the ground-state properties of Pt, Hg, Pb, and Po isotopic chains have been systematically investigated in the deformed RMF theory with FSUGold. The deviations between the calculated binding energies and the experimental ones are less than 5 MeV, and the average deviation and rms deviation of the binding energies with FSUGold are respectively 2.932 MeV and 3.402 MeV, which are very close to the results with NL3. It can thus be concluded that the parameter set FSUGold is as successful as NL3 in reproducing the ground-state binding energies of the nuclei. The calculated two-neutron separation energies are in good agreement with the experimental data. The parameter set FSUGold can successfully reflect the shell effect of the neutron magic number N = 126. Except for a few Pt and Hg isotopes, the calculated quadrupole deformations with FSUGold are in good agreement with the experimental data. The calculated charge radii are also consistent with the experimental data for most nuclei. The neutron skin thicknesses obtained with NL3 are obviously larger than the ones with FSUGold for all nuclei. The neutron skin thicknesses in 208 Pb obtained with FSUGold is 0.209 fm, and is thus closer to the experimental value than the one obtained with NL3, which is 0.277 fm. On the whole, the parameter set FSUGold can be used to describe the nuclei near Z = 82. 
